FUSIDIC A C I D is a potent bactericidal antistaphylococcal agent, but one of its drawbacks is the presence in any staphylococcal population exceeding about lo6 cells of genotypically resistant variants that might proliferate during fusidic acid therapy. Because of this, combinations of fusidic acid with other antistaphylococcal agents have been recommended and penicillins have figured largely amongst those chosen. The wisdom of this choice has been questioned because antagonism has been demonstrated in vitro between fusidic acid and penicillins.
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through cellulose-acetate membranes (5411 diameter: average pore size 0.45 /rm; Oxoid Ltd); these were then washed for 5 min. in situ with 10 ml sterile distilled water, which was removed by further suction before transfer of the membranes to blood-agar plates. This served the dual purpose of removing residual antibiotic and destroying any cells that might have survived in protoplast form. Counts were made of the colonies appearing on the membranes after incubation. Antibiotic concentrations approximating to 10 times the average MIC were used: fusidic acid 3 pg per ml, methicih 15 pg per ml, cloxacillin 3 pg per ml. In the case of benzylpenicillin, 10 pg per ml, a high concentration relative to the MIC, was used to investigate the action of this antibiotic against weakly penicillinase-producing strains. To take account of the different susceptibility to penicillin of staphylococci exposed in larger volumes (Bigger, 1944;  Gunnison et at., 1964), 10-ml samples were used, and to allow for experimental variation the tests were done in quintuplicate. 
TASLE I

0.3
R=peniciilinase-producing strain.
*= MIC of cloxadlin for this strain.
Morphological evidence of interaction between fusidic acid and penicillins was also obtained. Cultures were exposed in broth to the agents, alone or in combination, and samples were removed at suitable intervals, fixed overnight with 2 per cent. glutaraldehyde in 5 per c a t . sucrose, washed twice in distilled water with light centrifugation and &-dried on microscope siides or cover slips. These were then either stained with the cell-wall stain of H a l e (1953) and examined by light microscopy, or prepared for examination in the scanning electron microscope as described elsewhere (Greenwood and O'Grady, 1969) .
RESULTS
The MIC of the relevant antibiotics for each of the strains tested is shown in table I.
Viable counts of samples taken at hourly intervals from broth cultures of strain CoZ containing 10 x MIC of methicillin or fusidic acid showed that the
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rate of killing of the strain by both agents was similar and that almost all the bactericidal effect had been exerted after 6 hours' exposure ( fig. 1) . Filtration studies. The numbers of survivors recovered by filtration of broth cultures of all the strains studied, after overnight exposure to agents singly or in combination, are shown in tables I1 and 111. Of 10 penicillinase-producing strains, six showed a marked increase in the number of survivors after overnight exposure to fusidic acid plus methicillin compared with the number recovered after exposure to either agent alone ( ... 
FIG.
7.-Same strain exposed to fusidic acid, 2 p g per ml + cloxacillin, 3 pg per ml, for 3 hr. SEM.
8.-Same strain exposed to fusidic acid, 2 pg per ml for 3 hr; cloxacillin, 3 pg per ml added after 1 hour's exposure to fusidic acid. Note the surface damage on the collapsed cells attributable to the penicillin. SEM. x 26,000.
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from the more bactericidal agents, which in one case were the penicillins and in the other was fusidic acid: i.e., there was indifference to the presence of the less active agent.
Of the six benzylpepicillin-sensitive strains tested (table III) , five showed twoway antagonism by yielding more survivors after exposure to fusidic acid plus benzylpenicillin or methicillin than to any agent alone. The remaining strain ...
N=1000-3000; C=confluent (>3OOO).
showed indifference, in that the effect of the mixture was indistinguishable from that of the more actively bactericidal component-in this case fusidic acid. One strain, Col, shown to exhibit two-way antagonism with benzylpenicillin or methicillin, and another, Clo, shown to behave similarly with cloxacillin, were exposed sequentially to fusidic acid and the relevant penicillins, the second agent being added 2 hr after the first. In each case, the effect of the penicillin prevailed when it was added first, being unaffected by the addition of fusidic acid 2 hr later. On the other hand, the effect of fusidic acid was impaired by the addition of penicillin 2 hr later, in that this combination exhibited the same reduced effect as was obtained when the two agents were added together (table rv). When the addition of penicillin was delayed for 6 hr, however, the number of survivors was similar to that obtained after exposure to fusidic acid alone. A penicillinsensitive strain, Aun, which showed indifference (in the sense that in mixtures the effect of the more bactericidal agent, fusidic acid, prevailed) yielded fewer survivors when exposed to mixtures in which the addition of the penicillin and fusidic acid were separated by 2 hr than in any other conditions. J. MED. MICROBI0L.-VOL.
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Turbidimetric studies. Several strains showing typical two-way antagonism were examined in the turbidimetric system, in which they all gave similar results. Fig. 2 shows the normal growth curve (a) of the CoZ strain of Staph. aureus and the effect of adding 3 pg per ml fusidic acid (b) and 15 pg per ml methicillin (c). Fusidic acid caused an almost immediate reduction in the slope of the growth curve, followed after a variable length of time (2-4 hr) by a "lytic" (reducedopacity) phase. Opacity due to resistant variants appeared after prolonged incubation, the actual time taken varying from experiment to experiment. Methicillin also had an immediate growth-slowing effect with a subsequent fall in opacity, but this occurred sooner and proceeded more gradually. and fusidic acid, 2 pg per ml, added at first arrow, and methicillin, 15 pg per ml added at 2nd arrow (d).
When fusidic acid and methicillin were added together to a growing culture of strain CoZ, which showed two-way antagonism in the filtration studies, the subsequent trace was similar to that obtained with methicillin alone. When methicillin was added to it, followed 2 hr later by fuidic acid, the trace was still indistinguishable from that produced by methicillin alone. On the other hand, when fusidic acid was added first, followed by methicillin (curve d in fig. 2 ) the rate of growth was immediately slowed further and the emergence of resistant mutants abolished. Murphozugical studies. Because the morphological changes in staphylococci after exposure to penicillin are profoundly Merent from those after exposure to fusidic acid (Greenwood and O'Grady, 1969 and 1972), it is possible to trace the interaction of these substances by observing the morphological effects of various combinations. These changes are best observed in the scanning electron microscope, but some idea of them can be gained by light microscopy.
Normal cells of the CZo strain as seen in the scanning electron microscope are shown in fig. 3 and the effects of exposure to fusidic acid for 1 and 3 hr in figs.
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was added first, the fusidic acid produced no observable morphological effect, even after prolonged exposure. When the fusidic acid was added before cloxacillin, a proportion of the cells collapsed as expected under the influence of the first agent, but there was still some evidence of characteristic penicillin-mediated damage even in cells that had obviously succumbed to fusidic acid ( fig. 8) . Similar effects were demonstrated by light microscopy on staphylococci exposed to combinations of fusidic acid with benzylpenicillin or methicillin.
DISCUSSION
Both synergy and antagonism have been reported for combinations of fusidic acid and penicillins (Barber and Waterworth, 1962; Jensen and Kiaer, 1964; Mouton and Koelrnan, 1966; Jensen and Lassen, 1969) . Synergy has been attributed to penicillinase-producing cells being suppressed by fusidic acid, and variants genotypically resistant to fusidic acid being killed by the penicillin. This type of synergy is said to occur only with strains of staphylococci producing a relatively small amount of penicillinase and is not seen with penicillinasestable penicillins ('Waterworth, 1963) . Antagonism between fusidic acid and penicillins has been explained as the result of the "bacteristatic" fusidic acid interfering with active cell growth, which penicillin requires to be effective. The finding (which we confirm) that antagonism disappears if the penicillin is added 2 hours before the fusidic acid, has been held to support this view (Jensen and Lassen, 1969) .
Like others (Mouton and Koelman) we found that antagonism between fusidic acid and penicillins is not a universal phenomenon affecting all strains of S. aureus. With one of our strains (Tho) the combined effect of penicillinase production and the ready emergence of fusidic acid-resistant variants from a rather high inoculum gave the pattern of interaction described by Waterworth. Evidence for the important effect of penicillins in preventing the emergence of fusidic acid-resistant mutants is also provided by the fact that, although we habitually tested persisting populations for fusidic acid-resistant variants, they were never found after exposure to fusidic acid in the presence of penicillins.
Apart from this type of interaction we were able to distinguish three distinct patterns. In the first, shown by the strains Wut and Bat, fewest survivors were recovered after exposure to penicillins alone, more after exposure to mixtures of penicillins with fusidic acid and most after exposure to fusidic acid alone. With these strains there was one-way antagonism of the penicillins by fusidic acid and this effect was more marked when the combination included methicillin than when it included benzylpenicillh, suggesting that methicillin is more sensitive than benzylpenicillin to the antagonistic effect of fusidic acid. In the second pattern, there was indifference between the agents in that the effect of the agent that exerted the greater bactericidal effect on the strain (fusidic acid for strains Am and Cro and penicillins for Sho) prevailed.
In the final pattern, shown by the great majority of the strains examined, there was two-way antagonism in which more survivors were recovered after exposure to mixtures of penicillins and fusidic acid than after exposure to any agent alone. When the agents were added separately it was found that, with the majority of strains, when a penicillin was allowed to act first the result was unaffected by the subsequent addition of fusidic acid, but that, when a penicillin was added two hours after the addition of fusidic acid, the pattern of response was altered.
We conclude from all these findings that with many strains of S. aureus not only is the effect of penicillin antagonised by fusidic acid, as previously described, but penicillins interfere with the lethal effect of fusidic acid. When the penicillin is added first the killing observed is attributable solely to the penicillin; and indeed the number of survivors recovered after exposure to both agents when the penicillin was given a 2-hour start was usually found to be very close to the figure obtained for the penicillin alone (table IV). The inhibition of the penicillin effect when the two agents were added together, or when the fusidic acid was added Grst, would seem to lie in the inhibition of protein synthesis, which is the primary effect of fusidic acid (Harvey et al., 1967; Tanaka et al., 1968) , but cannot be expressed in terms of a "bacteristatic" agent interfering with a "bactericidal " one, because fusidic acid is actively bactericidal for staphylococci and was in fact more bactericidal for a number of the strains tested than were the penicillins. It is presumably cells that suMve the destructive effect of fusidic acid and yet are prevented from synthesising polypeptides and hence growing that are inaccessible to penicillin action. What is particularly interesting is that fusidic acid should be antagonised by penicillins, which inhibit the transpeptidation step in bacterial cell wall synthesis (Tipper and Strominger, 1965; Wise and Park, 1965) , an event spatially far removed from the ribosomal site of fusidicacid action. The possibility that the two substances react together chemically in some way is unlikely, because increasing the fusidic acid concentration 25-fold did nothing to overcome penicillin antagonism with one of our strains.
The inhibition of protein synthesis brought about by fusidic acid may weaken the cell wall in some way, because the cells collapse. It may be that the bactericidal action of fusidic acid is mediated by the normal autolytic processes involved in cell wall growth, which continue to function after the protein-synthesiskg mchinery is halted. Scanning electron microscopy showed that these secondary destructive changes were prevented by the presence of cloxacillin, and hence it is presumably at the level of the cell wall that penicillin-mediated antagonism operates.
With at least some strains of S. a u r a , this type of antagonism is common to several inhibitors of protein synthesis. We have previously shown by scanning electron microscopy that cell-wall collapse, similar to that which follows exposure of staphylococci to fusidic acid, is demonstrable with other inhibitors of protein synthesis, such as erythromycin and lincomycin (Greenwood and O'Grady, 1972) ; and light microscopy shows similar effects on exposure to chloramphenicol and tetracycline.
Whatever the mechanism of two-way antagonism, it is evidently exhibited by the majority of strains of staphylococci and its relevance to the treatment of severe staphylococcal infection with fusidic acid plus penicillins requires comment. Our view is that the antagonism so easily demonstrated in the laboratory is unlikely to be of clinical significance for two reasons. The first is that, in most examples of antagonism with organisms readily killed by either agent alone, the bactericidal effect of the combination still reduces the original bacterial population by 1000-fold or more. In a conventional test of bactericidal activity, with an inoculum of 1 O5 or 1 O6 organisms per ml and subcultivation of a loopful from tubes showing no growth after overnight incubation (Garrod and O'Grady, 1971 ), a 1000-fold reduction in the original inoculum results in sterile subcultures and the conclusion that the mixture is effectively bactericidal. Moreover, in formal tests of combined bactericidal activity used to select optimum therapy for bacterial endocarditis, mixtures producing a 1OOefold reduction of the bacterial inoculum are regarded as therapeutically acceptable (Jawetz et al., 1955) .
The second reason for doubting the clinical significance of two-way antagonism is that the effect of the mixture progressively approximates to that of fusidic acid alone as the addition of the penicillin is delayed (table IV). In practice, the very marked differences in the pharmacological half-lives of the agents (fusidic acid 12 hr, benzylpenicillin 30 min., methicillin 1 hr, cloxacillh 1.5 hr) ensures that, with the exception of the first dose in ordinary dosage schedules, penicillin additions will be made at times when the concentration of penicillin has fallen to low levels but that of fusidic acid is still sustained. In these circumstances, penicillin still exerts the important effect of controlling the emergence of fusidic acid-resistant mutants. In endocarditis, the site of bacterial proliferation may be exposed to both agents in a way that resembles the conditions in which antagonism is seen but the in vitro tests necessary before embarking on therapy will establish whether or not the response of the particular infecting strain to combined therapy is likely to be advantageous. Setting aside this special case, it does not appear that clinically signiscant interaction is likely to occur, and such evidence as there is from the treatment of patients (Jensen and Lassen, 1969) is in keeping with this conclusion.
SUMhlARY
Interactions were studied between fusidic acid and each of several penicillins in their effect on both penicillinase-positive and penicillinase-negative strains of Staphylococcus aureus. Estimation of the number of staphylococci that survived overnight exposure to the antibiotics, alone and in combination, showed three types of interaction.
In the commonest type, exhibited by more than half the penicillinase-positive and almost all the penicillinase-negative strains, there was two-way antagonism ; more staphylococci survived overnight incubation in the presence of fusidic acid plus a penicillin than in the presence of either agent alone. Further evidence that penicillin antagonised the action of fusidic acid against these strains was provided by scanning electron microscopy, which revealed that the cell-wall collapse that followed the action of fusidic acid was inhibited by the presence of a penicillin.
In the second type of interaction there was one-way antagonism of penicillin by fusidic acid; least survivors were recovered after incubation with a penicillin alone, more from the mixture and most from fusidic acid alone.
The remaining strains showed "indifference", in that the effect of the more bactericidal agent-which against some strains was fusidic acid-prevailed.
Even when the effect of penicillin on the bulk of the bacterial population was antagonised, the presence of penicillin always prevented the emergence of fusidic acid-resistant mutants.
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